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Description 



[0001] The present invention relates to a high performance three-way catalyst (TWC) containing an inner and an 
outeMayer on an ,nert carrier body. The .ayers comprise noble metals from i^pLj^S^^ 

a ?n°nU hree 'T C ^ StS PrimarNy US9d t0 COnvert the pollutants carbon monoxide (CO), hydrocarbons (HO 
Knl ^ * ( ?° x) C ° n,ained the exhaust 9as of internal combustion engines into harmte^bsSnc^ 

Known three-way catalysts with good activity and durability utilise one or more catalytic componentsTm the d atinum 
group metals such as platinum, palladium, rhodium and iridium deposited on a h£h surface a^ea TeTractorl oxide 
HOSE e ' 9 - 3 h ' 9h h SUrfaCe area alumina - The W «b usually carried in the form of a ,h n layer ^ S^J 
rioot T r SUbStrate SU .° h 35 3 m ° nolithiC carrier com P risin 9 a ceramic or metal toZ££%S£r? 

J , ■ncrcasrng demand for improved catalyst activity and life has led to complex cataSsiqns com 
pr^ng multiple catalyst .ayers on the carrier structures, each of the layers containing selected support maSsTd 
EST u^TT,, a \^L aS S ° Ca " ed Pr0m ° terS - S,abilisers and °^en storage compounds 

temperatures and thereby improve thermal resistance of the three-way catalyst 9 
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combustion engine. Such a situation occurs frequently during fast driving phases when abrupt deceleration is required. 
During fast driving phases the engine is operated at air/fuel ratios slightly below the stoichiometric value. The exhaust 
gases may reach temperatures well above 800°C resulting in even higher catalyst temperatures due to the exothermic 
conversion reactions at the catalyst. In case of abrupt deceleration modern motor electronics completely stop fuel 
5 supply to the engine with the result that the normalised air/fuel ratio (also called lambda value X) of the exhaust gas 
jumps from rich to lean values. 

[0011] These large excursions of the normalised air/fuel ratio from rich to lean values at high catalyst temperatures 
degrade catalytic activity. Catalytic activity can at least partly be recovered by prolonged ope rat bn under stoichiometric 
exhaust gas conditions. The faster catalytic activity is regained after fuel-cut aging the better is the overall catalyst 
10 performance. Speeding up recovery of catalytic activity after fuel-cut aging is therefore mandatory for modem three- 
way catalysts. 

[0012] An object of the present invention is to develop a three-way catalyst based on platinum and rhodium which 
exhibits a similar catalytic performance as known palladium/rhodium catalysts and which is commercially competitive 
to the latter. Further, after high temperature aging under lean exhaust gas conditions, the catalyst should recover its 
is full three-way efficiency quickly. The catalyst should also exhibit an improved nitrogen oxide conversion to reduce the 
ozone forming potential of the cleaned exhaust gas. 

[001 3] These and other objects are achieved with a catalyst containing an inner and an outer layer on an inert carrier 
body comprising noble metals from the platinum group deposited on support materials. The catalyst is 
characterised in that 

20 the inner layer comprises platinum deposited on a first support and on a first oxygen storage component and the outer 
layer comprises platinum and rhodium deposited on a second support and the outer layer further comprises a second 
oxygen storage component. ~~ " - - • 

[001 4] The catalyst of the present invention consists of a catalytic coating comprising an inner and an outer layer on 
an inert catalyst carrier and therefore forms a so called double layer catalyst. The "inner layer" is meant to be the first 

2S layer of the catalytic coating deposited directly on the catalyst carrier. The inner layer is covered with the "outer layer" 
or second layer. The exhaust gas to be treated with the catalyst directly comes into contact with the outer layer. 
[0015] The term "support material" or "support" is used in the present invention to designate a particulate material 
onto which catalytically active components such as the noble metals from the platinum group of elements or other 
promoter components can be deposited in highly dispersed form, i.e. with crystallite sizes between 1 and 10 nm. For 

30 that purpose the support materials should have a specific surface area (also cailed BET surface, measured according 
to DIN 661 32) of more than 5 m 2 /g. The first and second oxygen storage components of the catalyst are also used in 
particulate form. 

[0016] Without wanting to restrict the present invention to a particular theory, it is assumed that the contribution of 
the lower layer to the overall catalytic performance of the catalyst consists mainly in the oxidation of hydrocarbons and 
35 carbon monoxide while the main task of the outer layer is the reduction of nitrogen oxides. But the outer layer also 
contributes, particularly in the cold start phase, towards conversion of hydrocarbons and carbon monoxide. 
[0017] The superior properties of the catalyst according to the invention with regard to fuel cut aging and nitrogen 
oxides conversion is mainly attributed to the fact that in the outer layer platinum and rhodium are deposited on the 
second support material only. 

40 [0018] It was observed that depositing platinum and rhodium onto the same support material shortens the recovery 
time of catalytic activity after exposure to lean exhaust gas conditions at high temperatures. This in turn yields higher 
conversion efficiencies for nitrogen oxides over a full driving cycle. Depositing platinum and rhodium onto the same 
support material means in the context of the present invention that platinum and rhodium are dispersed on the same 
particles of the second support material, that is, platinum and rhodium are at least closely neighboured on the same 

is particles. Further improvements can be obtained by ensuring an intimate contact between both noble metals. How this 
can be accomplished will be discussed further below. 

[0019] According to the present understanding of the invention the reasons for fuel cut aging of three-way catalysts 
may be that large excursions of the normalised air/fuel ratio from rich to lean values at high catalyst temperatures 
degrades the catalytic activity especially of rhodium. Under stoichiometric or rich exhaust gas conditions rhodium is 

so reduced nearly to the oxidation state zero which is the most effective state for three-way catalysis. Under lean exhaust 
gases and at high catalyst temperatures, rhodium gets oxidised up to oxidation level +3. This oxidation state of rhodium 
is less active for three-way conversion of pollutants. Moreover, since Rh 2 0 3 is isomorphic in crystallographic structure 
to Al 2 0 3 it can migrate at temperatures above 600°C into the lattice of alumina or other isomorphic support oxides of 
the general composition M 2 O a (M stands for a metal atom), resulting in a permanent degradation of catalytic activity. 

55 [0020] To regain its catalytic activity and to avoid losses of rhodium into the lattice of alumina, rhodium must therefore 
be reduced as quickly as possible when the exhaust gas composition changes back to stoichiometry. According to the 
present understanding of the invention, reduction of rhodium to oxidation state zero is catalysed by platinum. The more 
intimate the contact between platinum and rhodium is, the better is this reduction effect. 
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SSn J nMhS ™ h ,he R tend f enc y of Rh 2°3 to migrate into isomorphic support oxides can be limited by appropriate 
doping of these oxide* Beneficial are doping components which are capable of generating activated hydrogen under 
educ.ng conditions. The activated hydrogen helps to convert rhodium oxide more rapidly fnto the metaEorm unde 
reducing conditions, and hence the risk of Rh 2 O a migrating into the support oxide is further minimised Agitable 

SIT I PUrP ° Se iS CSriUm ° Xide {C6ria) - But Since ceria also exhibrts « oxygen storage and re ea e 

~ do ping W i,h ceria must be kept low so as to not promote oxidation of rhodium by a too high 

level of ceria m the support oxide. y 

5°^hni The h preSe l n, inVention wi " befurther understood with reference to the accompanying drawings, wherein Figure 

10 as ^at.c representation of the measuring principle for determining CO/NO x cross-over points. 8 

S th ? t emb ° d,men J ts of the catalvst accordi "9 1° the invention will now be explained in more detail 

[0024] The first and second supports of the catalyst may be the same or different. Preferably the first and second 

The'term "ml^H T ^ 9r ° UP * ^ ™ ed «"« « nlZSLSS? 

The term m,xed ox.de" designates an intimate mixture of two or more oxides on an atomic level which may be regarded 

- oxide ZZ?s C ° mPOUnd ' Whi ' e miXtUre d6Si9nateS the m6Chanical ™«™ * ^ « mo^paSate 

^TL^S!^!!!^^ h 9 T? SSleC,ed fr ° m aC,iVat6d a ' UminaS ' °P tional, y complemented by zirconia 
rlmnr Z T k ^ Act ' Vated alUminas exnibit s P ecific surfa ce areas of up to 400 J/a Thev 

compose the various phases from the transition aluminas which are formed by heating aluminium hydroxides In Z 
see Ullmann's Encyclopaedia of Industrial Chemistry; Fifth Edition, 1 985, Volume Al. pages 561 JTs^^^Z 
^mperature s ability the active aluminas can be stabilised with 0,5 to 20 wt,% of lanthana. Such are com 

mercally available. The frequently used stabilisation of alumina with barium oxide (baria) is less prefer eT,! a^mina 

Too^ a TH UPPOrt " aterial f ° r P ' a,inUm b6CaUSe ,hiS bearS ,he risk of formati ° n * barium p.atinate 

The term zirconia-rich" means that the material contains at least more than 50% by weight of zirconia pref- 
erably more than 60 and most preferable more than 80% by weight, the ba.ance being formed by yttrS neodymia 
calcium ox,de (calcia) silica, lanthana or ceria which serve to stabilise zirconia against thermal stresses Mo^pre^ 
ab, y a z.rcon,a-r,ch zircoma/ceria mixed oxide is used. Pure zirconia and the stabilised zirconia compounds Jbe 
summarised under the term "zirconia component" in the following compounds will be 

™£L T T innSr ° r flrSt ' ayer ° f the Catal/St C ° ntainSi in addition to stabilised alumina and the optional zirconia 
£K " ^ °T en S, ° rage ma,efial f ° r impr ° Ved ,hree " wa y -"version of the pollutants. Ceria is well own to 
stated 

state Ce . Under r.ch exhaust gas conditions cena releases oxygen and acquires the Ce3+ oxidation state Instead 
of using pure cena as an oxygen storage compound it is preferred to use ceria-rich ceria/zirconia m°xed oxide com 
pounds with a cena concentration of from 60 to 90 wt.-% relative to the total weight of the mixed oxwTlucn^Ss 
are available with specific surface areas of 20 to 200 rr* g and exhibit a good temperature .Sl^£^a£ 

IZTrl T^T 13 T ^ ° btained bV StabHisin9 ,his material wrth Praseodymia, yttria, neodymfa lanthana or 
m xtures thereof. For stabilisation concentrations of the stabilising compounds of from 0 5 to 1 0 wt -% reSe to the 

ieSdvmif h Stab i'" S t d ma,erial ^ SUffiCient Stebilisin 9 ° f «W stora 9* aerials Mon JS^SX 
IS^aS^T^ ° r t miXtUreS there ° f " in G6rman P^nt application DE 197 14 707 A1 

?™!L? ♦ 9 , l PreSent ' nVenti0n both ' the su PP° rt ma,erials and the oxygen storage compound serve as 
cTC aLiSr" 1 flrSt ' ayer DePOSitin9 P ' a,inUm ° n ° n,y ° ne ° f theSe — s hasprovedrylldtnTerior 
[0029] The oxygen storage material of the outer layer may be the same as, or different from the storaqe material of 
the inner layer. It ,s preferred to use the same storage material for the inner and outer layer eZeS2?e^^l 
Z : Zfum S n biliSed W t praseoc * mia - ™ e — d «Wen storage materia, o, the l^^S^^Z 

i^:^7^T^ e second oxy9en stora9e materiai — iead - d — - - ~ 

S as T a ^ZTieTjT^ T" ^i"'* 8 * ^ ° f aCtiVe a ' Umina in P articulate f °™ which 

r/vvvo c u 9 maler,aL Thls material may or may not be stabilised with lanthana or baria 
[0031] Further improvements of catalytic activity and temperature stability can be obtained if the second laver * 
complemented wrth a highly dispersed component selected from the group consisting of yttnTneodyrnt ^ lantnana or 
s P l S bi^ m ' a ' ^ praSeod ^ ia bein 9 ?<«™«- ^ese compounds may be introduced 2 Haye" by adZ a 
^ TH CU t rSOr T 90 ™* ° f th6Se Com P° unds to the c ° a «n9 composition of the second layer " * 8 
ET^ti d 'spersed component" means that, contrary to a "particulate component", this material is added to 

the coating com P os.t.on ,n the form of a soluble precursor compound which acquires its final dispersedTorm Icon 

0 1 Zwht C rt ata ,' y I iC C ° atin9 - aVera9e PartiC ' e Si2S ° f diSpersed -mponents may J g l ^ between 0 o" 1 and 
? Q o^ S particulate components usual.y exhibit mean particle diameters between 1 and 15 urn 
[0033] The dispersed component of the second layer serves multiple functions. At first it stabilises the oarticul^tP 
components (a,um,na support and ceria/zirconia oxygen storage component) of the second CSn^mSC 
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radation Therefore, when adding, e.g., praseodymia in dispersed form to the second layer, ceria/zirconia must not be 
stabilised beforehand but will be stabilised in situ during the manufacture of the coating. Secondly, praseodymia exhibits 
also an oxygen storage and release function which helps to improve the dynamic behaviour of the final catalyst, though 
the oxygen storage capability of praseodymia is not so pronounced as that of ceria. 

[0034] The catalyst carrier body used in the present invention is in the form of a honeycomb monolith with a plurality 
of substantially parallel passage ways extending therethrough. The passage ways are defined by walls onto which the 
catalytic coating comprising the inner and the outer layer is applied. 

[0035] The passage ways of the carrier body serve as flow conduits for the exhaust gas of the internal combustion 
engine When (lowing through these passages, the exhaust gas comes into close contact with the catalytic coating, 
whereby the pollutants contained in the exhaust gas are converted into benign products. The carrier bodies may be 
manufactured from any suitable material, such as from metallic or ceramic materials, as is well known in the art. The 
passage ways arc arranged in a regular pattern over the cross section of the carrier bodies. The so-called cell density 
(passage ways per cross sectional area) may vary between 10 and 200 cm' 2 . Other suitable carrier bodies may have 
an open cell foam structure. Metallic or ceramic foams may be used. 

[0036] The inner layer of the catalytic coating is applied to the carrier body in amounts of from about .50 to 250 g/l, 
and the outer i^ycr is applied in amounts of from 10 to 150 g/l of the carrier body. Advantageously, the inner layer 
comprises ot iron A) to 150 g/l of said first support component and from 10 to 100 g/l of said first oxygen storage 
component The rmcr layer may further comprise 5 to 60 g/l of zirconia or of a zirconia component. Platinum is present 
in the first i-*ycr m concentrations of from 0,01 to 5, preferably from 0,05 to 1 wt.-%, relative to the total weight of the 
first layer The concentration of platinum relative to the volume of the catalyst carrier ranges from 0,01 to 12,5 g/l, with 
concent i rit K_*it, between 0 025 and 2 g/l being most suitable. 

[0037] In rt rnoM prciof red emboclimerit, the first support 1 comprises an active alumina with a specific surface area 
between 5C ana ?O0 g stabilised with lanthana, while the first oxygen storage component is advantageously selected 
from ceria net- ccn.t/*fconi£i mixed oxides containing 60 to 90 wt.-% of ceria and additionally stabilised with 0,5 to 10 
wt.-°o of pra^cocymui Pr 6 O n ) This composition of the first layer is believed to improve its catalytic function with 
respect to the o*<i-iiton of hydrocarbons (HC) and carbon monoxide (CO). 

[0038] The outer Uyor of the catalytic coating comprises of from 5 to 1 00, preferably of from 5 to 20 g/l of said second 
support, and f rc*r S to 100 preferably from 5 to 50 g/l of said second oxygen storage component. The outer layer may 
further compn^ frrwn * to 60 g/l of activated alumina. In the outer layer, platinum and rhodium are deposited on the 
second support Compnrod to the inner layer, the concentration of the noble metals relative to the weight of the sup- 
porting material is preferably higher in the outer layer. Thus, concentrations of platinum plus rhodium between 0,5 and 
20 wt-°/b relative to the weight of the second support material may be selected with concentrations between 1 and 15 
wt.-% being prefer red These concentrations correspond to concentrations relative to the volume of the catalyst carrier 
between 0.025 and 20 q/l preferably between 0,05 and 15 g/l. 

[0039] As already explained, platinum in close contact to rhodium in the outer layer helps to reduce rhodium oxide 
formed during fuei -c jt-ofl phases back to the metallic state. For performing this task, the mass ratio between platinum 
and rhodium should be selected between 5:1 and 1:3. Mass ratios between 3:1 and 1:1 are most effective. 
[0040] As in tho c-isc of the inner layer, the second support is preferably selected from an active alumina with a 
specific surface arc^ between 50 and 200 nr^/g stabilised with lanthana, while the second oxygen storage component 
is selected from ccr^-rich ceria/zirconia mixed oxides containing 60 to 90 wt.-% of ceria additionally stabilised with 
0,5 to 10 wt.-°o of praseodymia (Pr 6 O n ). As discussed above, stabilisation with praseodymia, or alternatively with 
yttria, neodymia or Unnana, can also be achieved by adding these compounds as highly dispersed components to 
the second layer 

[0041] For the purpose of suppressing the emission of hydrogen sulfide the first and second layers of the catalytic 

coating may further comprise from about 1 to 40 g/l of a nickel, iron or manganese component. 

[0042] The catalyst o* the present invention may be manufactured in various ways. Some of them will be described 

below: 

[0043] For providing the inner layer, the passage ways of the catalyst carrier can be coated with an aqueous coating 
composition comprising the particulate support materials of the inner layer (including the first oxygen storage material). 
The coating composition will also be called coating dispersion within the context of this invention. The techniques for 
coating catalyst carriers with such a coating composition are well known to the expert. The coating is then dried and 
calcined in air Drying is preferably done at elevated temperatures of up to 150°C. For calcining the coating, temper- 
atures of from 200 to 500°C for a period from 0,1 to 5 hours should be applied. 

[0044] After calcination, platinum may be dispersed onto the coated carrier body by dipping the monolith into a 
solution containing a precursor compound of platinum. The solution may be an aqueous or non-aqueous (organic 
solvent) solution. Any platinum precursor compound may be used, provided the compound is soluble in the chosen 
solvent and decomposes upon heating in air at elevated temperatures. Illustrative of these platinum compounds are 
chloroplatinic acid, ammonium chloroplatinate, platinum tetrachloride hydrate, platinum dichlorocarbonyl dichloride, 
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of rhodium is injected into this dispersion and the pH-value of the dispersion is properly adjusted to fix the platinum 
and rhodium compounds onto the second support. 

[0059] Thereafter, the catalysed second support material may be separated from the liquid phase of the first disper- 
sion and dried and calcined before redispersing it together with the second oxygen storage component, and optionally 

5 additional active alumina, to form the coating dispersion for the outer layer Most suitably, spray or flash calcination 
may be employed for calcining the catalysed support material. In case of spray or flash calcination, the wet material 
is injected into a hot stream of a gas with a temperature between 700 and 1000°C, giving rise to drying and decom- 
position of the precursor compounds within a few seconds or even within less than a second. This results in a high 
dispersion of the forming noble metal crystallites. 

10 [0060] However, it is preferred to avoid the intermediate step of drying and calcining the catalysed second support 
material and to directly add the second oxygen storage component, and optionally additional active alumina, to the 
first dispersion containing the catalysed second support. This is possible because platinum and rhodium are fixed firmly 
to the second support material by the described injection precipitation. 

[0061] The coating dispersion thus obtained is then used to apply the outer layer on top of the inner layer followed 
'5 by drying and calcining the coated catalyst carrier. The latter preparation method for the outer layer is preferred over 
the formerly described method because it avoids the separate heat treatment of the catalysed second support. 
[0062] The second oxygen storage component is preferably selected from a ceria/zirconia mixed oxide stabilised 
with praseodymia. Stabilisation of ceria/zirconia can advantageously be achieved by the in situ method already de- 
scribed above For that purpose, the solution of the praseodymium precursor compound, ceria/zirconia and optionally 
20 alumina are added to the dispersion containing alumina catalysed with platinum and rhodium. The resulting dispersion 
is then used to apply the second coating layer. Upon calcination of this layer, the praseodymium precursor forms highly 
dispersed praseodymia on the sTirface'of the particulate materials of the second layer-Thereby ceria/zirconia gets 
stabilised against thermal stresses, and in addition, the oxygen storage capacity of the catalyst is enhanced by the 
oxygen storage capacity of praseodymia. 
2$ [0063] In summary, in a most preferred embodiment of the invention, the inner layer of the catalyst comprises platinum 
dopositod on active alumina and on ceria-rich ceria/zirconia mixed oxide, and the outer layer of the catalyst comprises 
platinum and rhodium deposited on active alumina and the outer layer further comprises ceria-rich ceria/zirconia mixed 
oxide This catalyst is obtainable by the following process steps: 

a) preparing a solution of a praseodymium precursor, adding ceria/zirconia mixed oxide and adjusting the pH-value 
of the dispersion to thereby precipitate the praseodymium precursor onto ceria/zirconia, 

b) further adding alumina and optionally a zircon ia component to the dispersion of step a), 

c) injecting a solution of a platinum precursor into the dispersion of step b) and precipitating it onto alumina, ceria/ 
zirconia and optionally the zirconia component to obtain a first coating composition forthe inner layer of the catalyst, 

35 d) coating a monolithic carrier with said first coating composition and drying and calcining the coating to thereby 

obtain a carrier coated with said inner layer, 

e) preparing a dispersion of active alumina and injecting a solution of a platinum compound into this dispersion, 

f) thereafter injecting an aqueous solution of a soluble rhodium precursor into the dispersion from step e) and 
adjusting the pH-value of the dispersion to thereby obtain a dispersion of active alumina catalysed with platinum 

*o and rhodium, 

g) adding active alumina, ceria-rich ceria/zirconia mixed oxide and optionally a solution of a praseodymium pre- 
cursor to the dispersion of step f) to obtain a second coating composition for the outer layer of the catalyst, 

h) using said second coating composition to apply said outer layer on top of said inner layer and 

i) drying and calcining the coated monolithic carrier. 

45 

[0064] Most preferably, the active alumina used in steps a) and d) for the inner and outer layers is stabilised with 0,5 
to 20 wt.-% of lanthana. In the above described method, the support materials and ceria/zirconia are in situ stabilised 
with praseodymia. Alternatively, stabilisation of ceria/zirconia with praseodymia, yttria, neodymia, lanthana or mixtures 
thereof may be achieved in a separate step with the above doping compounds by impregnation, injection precipitation, 

50 co-precipitation, or co-thermohydrolysis. 

[0065] For stabilising ceria/zirconia by impregnation, the particulate ceria/zirconia is wetted with an aqueous solution 
of precursor compounds of the desired doping element and then dried and calcined. Frequently, pore volume impreg- 
nation is employed for that purpose. In that case the precursor compounds are solved in an amount of water which 
corresponds to the water absorption capacity of the ceria/zirconia. 

55 [0066] Injection precipitation has already been explained above for the deposition of the noble metal compounds 
onto the support materials. 

[0067] For stabilising ceria/zirconia by co-precipitation, a common solution is prepared from ceria and zirconia pre- 
cursor compounds and from a precursor compound of the stabilising element. Then the three compounds are simul- 
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taneously precipitated by adding a suitable precipitating agent. Thus, ceria/zirconia stabilised with praseodymium may 

aZTammnniu ^ T*? 9 " ° f ^ ^ Mum nitrate and Praseodymium nitrate, and 

T ?° n f 6 ° f ammonium oxala,e so ,hat cs ™™- zirconium and praseodymium are precipitated 
s multeneously as carbonates or oxalates. After filtration and drying, the desired stabilised ceria/zirconia is obtained 
by calcination. Alternatively, co-precipitation can also be effected in a basic medium 

EUSJL F t° r t Stabi !!l T 9 . Ce ; ia/Zirc0nia b * co-thermohydrolysis, a sol is prepared from cerium hydroxynitrate, zirconium 
Thprphu tl h T th * hydroxynitra,e of ,he do P in 9 Then the sol is dewatered by increasing the temperature 

l in WO 98/?6472 Xyn ^ deC ° mp ° Sed t0 f ° rm the c °^e SP onding oxides. Co-thermohydrolysis is described e." 

o^folto^n^ ° f ° atalySt aCCOfdin9 10 the invention wi " now be explained further with the help 

pS Fi9Ure 1 Sh ° WS 3 SCh9matiC re P resen,ati °n of the measuring principle for determining CO/NOx cross-over 

Comparison Example 1 : 

S r^ZT H na ' Sin9 ' e ' ayer P ,a,inum/rhodium ca,a| y^t CCl (comparison catalyst 1 ) was prepared as follows- 

£S LZ Z Z, T' Um Carb ° nate WSre trea,6d W " h Water and acetic acid ovemi 9 ht at ™™ temperature to 
partly form the corresponding acetates. To the resulting dispersion stabilised alumina and bulk low surface area ceria 

TiTed sub t Wet H mi "l? 9 ' 3 m ° n0lithiC Carri6r W3S COatSd Wi,h the by a conventional dipping techni ue T e 
coated substrate was dried in air and calcined for 2 hours at 500°C in air. 

c^ 3 LI/, e J° ta ' " PtaKe ° f C3rrier WaS 205 9/1 C ° nSiStin9 ° f 112 &" stabilised alumi ™, 34 g/l of bulk 

™™ " a 30 25 9/1 ZlrCOn,a • b ° th ' a,ter com P° u "ds originating from acetate precursors 

[0074] The washcoat layer was impregnated with chloride free platinum and rhodium salts (platinum tetraammine 

I Z g^3) nitrat6) " ^ rati ° bS,Ween P ' atinUm rh ° diUm W3S 5Pt/1Rh * 3 concentrSion™ " 

[0075] The final catalyst had the composition given in table 1 : 

Table 1 : 



Composition of comparison catalyst CC1 


component 


concentration [g/l] 


alumina (stabilised with 3 wt-% La 2 0 3 ) 


112 


Ce0 2 (bulk) 


34 


Ce0 2 (ex acetate) 


34 


Zr0 2 (ex acetate) 


25 


total oxide content 


205 


platinum 


1,175 


rhodium 


0,235 


total noble metal content 


1,41 



Example 1: 



[0076] A double layer catalyst C1 according to the invention was prepared as follows: 
Preparation of first (inner) layer: 

Sa) ZsatolTB^rTr^- aC T S 3 Cer,Um riCH ° Xy9en St ° rage com P°nent (70 wt-% ceria, 30 wt-% 
P ec2 t r a onfo Sr£ o T ° f amm ° nia and S,irrin9 f ° r 35001 30 minu,es ' P^eodymium acetate was 

precipitated onto ceria/zirconia. Subsequently, stabilised alumina (3 wt-% La,o 3 , 97 wt-% AUcJ and bulk 7 irmni« 
were added. After this, a platinum solution ((EA) 2 Pt(OH) 6 ) was injected into the siurry ^ eciSd 

the s .u T Ma by PrOP6r adjUStment °' ,hS pH - ValUe of the di ^°» wilh acetic acid SSSSg 

the slurry, a monolithic carrier was dipped into the slurry to apply the first layer. 9 

[0078] The complete washcoat uptake was 160 g/l. Finally the first layer was dried and thereafter ca.cined in air at 



8 



EP 1 046 423 A2 



Preparation of second (outer) layer: 

[0079] Stabilised alumina (4 wt-% La 2 0 3 , 96 wt-% Al 2 0 3 ) was dispersed in water Thereafter, a chloride free platinum 
salt {(EA) 2 Pt(OH) 6 ) was injected and was readily adsorbed onto the alumina. Thereafter, rhodium nitrate was injected. 
By adjusting the pH-value both catalytic components were fixed onto the supporting alumina. 

[0080] To finish the washcoat alumina, praseodymium acetate and a ceria-rich oxygen storage component (70 wt- 
% ceria, 30 wt-% zirconia) were introduced. 

[0081] Before coating a monolithic substrate, the slurry was adjusted to a pH of approximately 6 and milled. The 
total washcoat uptake of the second layer was 70 g/L The catalyst was dried and calcined at 500°C in air. 
[0082] The final catalyst had the composition given in tables 2 and 3: 



Table 2: 


Composition of inner layer of catalyst C1 


component 


concentration [g/l] 


alumina (stabilised with 3 wt.-% La 2 0 3 ) 


80 


CeOg/ZrC^ (70 wt.-% Ce0 2 ; 30 wt.-% Zr0 2 ) 


51,7 




4,3 


Zr0 2 


24 


total oxide content 


160 


platinum - ~ — " 


0,94 


Table 3: 


Composition of outer layer of catalyst C1 


component 


concentration [g/l] 


alumina (stabilised with 3 wt.-% La 2 0 3 ) 


10 


Ce0 2 /Zr0 2 (70 wt.-% Ce0 2 ; 30 wt.-% Zr0 2 ) 


18,5 




1,5 


alumina (unstabilised) 


40 


total oxide content 


70 


platinum 


0,235 


rhodium 


0,235 


total noble metal content 


0,47 



[0083] The mass ratio of platinum to rhodium was IPt/1 Rh in the top layer. The total platinum and rhodium content 
was 1 ,41 g/l (1 ,175 g Pt/I and 0,235 g Rh/I) at a mass ratio of 5Pt/IRh (combined mass ratio for both layers). 

Comparison example 2: 

[0084] A double layer catalyst CC2 was prepared in the same way as the catalyst from example 1. Contrary to 
example 1 , platinum in the first layer was deposited in a separate preparation step onto alumina only before the coating 
slurry for the first layer was prepared. 

Comparison example 3: 

[0085] A double layer catalyst CC3 was prepared in the same way as the catalyst from example 1. Contrary to 
example 1 , the total amount of platinum was applied to the first layer only. Thus, in the resulting comparison catalyst 
platinum and rhodium were completely separated from each other 
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Evaluation of catalysts: 
[0086] 

a) Engine tests: 

The catalysts according to the above examples and comparison examples were first aged at an internal com- 
b , U ocnc,f n9 ' ne (en9 ' ne dis P |acement: 2' 8 1 ) during 76 hours at an exhaust gas temperature in front of the catalysts 
of 850 C. Thereafter, the light off temperatures for the conversion of HC, CO and NO x and the CO/NO cross-over 
points were determined. The term "light off temperature" designates the exhaust gas temperature at" which 50% 
of the respective pollutant is converted by the catalyst. The light off temperature may be different for HC, CO and 
NO x . 

Two separate aging runs were performed. In the first run, a sample of" catalyst C1 and comparison catalyst 
CC 1 were aged together, while in the second run anothersample of catalyst C1 was aged together with comparison 
catalysts CC2 and CC3. Since aging runs cannot be reproduced exactly, the catalysts from the two aging runs 
d.lfer slightly. Therefore, only the catalysts aged within the same aging run can be compared to one another. 

The light off tests were performed at a space velocity of 65000 h"i with gradually increasing exhaust qas 
temperature (38 K/min) of the engine. 

Measurement of CO/NOx cross-over points is schematically shown in Figure 1 . The lambda-value of the air/ 
fuel mixture supplied to the engine is periodically changed from 0,98 (rich air/fuel mixture) to 1 02 (lean air/fuel 
m.xiure) and vice versa. The residence times at ^=0,98 and X=1 ,02 were set to 1 minute each. Changeover from 
nch to lean and back again was done within 3 minutes. The corresponding lambda-sweep is shown in Figure 1 
(tower curve). The associated conversion curves for CO and NO x are also shown in Figure 1. During the lean 
per.od CO-conversion is virtually 100%, and drops to approximately 50 to 60% during the rich period The con- 
verse curve for NO x behaves in a reciprocal manner. During the rich period, reconversion approximates 1 00% 
whUc dur.ng the loan period NO x -conversion drops down to values between 50 and 60%. At a lambda value of 1 
boih convors.on curves cross each other. The corresponding conversion value is the highest conversion which 
can be ach.eved simultaneously for CO and NO x . The higher this cross-over point the better is the dynamic be- 
haviour o( the catalytic activity of the catalyst. 

The just-described determination of the cross-over point uses a so-called static lambda-sweep A dynamic 
lambda-sweep can also be used. In that case, the sweep curve for the lambda value is additionally modulated with 
a frequency of 1 Hz or 0,5 Hz. The amplitude may be±1 A/F or ±0,5 A/F (air/fuel). This amplitude usually is larger 
than the amplitude of the sweep curve of ±0,02 X, corresponding to an A/F-amplitude of ±0 3 
, c ™ d ., y ? miC cross -° ver P° ints f or ,he catalysts of the preceding examples were measured at a space velocity 
of 65000 h-' and at 450°C and 400°C exhaust gas temperature. At 450°C exhaust gas temperature the air/fuel 
ratio was modulated with a frequency of 1 Hz and an amplitude of 1 A/F (1 Hz ± 1 air/fuel). At 400»C exhaust qas 
temperature the modulation amplitude was reduced 1o 0,5 A/F (1 Hz ± 0,5 air/fuel) 

The measured results are listed in tables 4 and 5. Table 4 compares the catalysts which were aged during the 
first aging run while table 5 compares the catalysts aged during the second aging run: 

Table 4: 





T 50 [°C] 


CO/NO x [%] 


catalyst 


HC 


CO 


NO x 


1 Hz + 1 A/F 


1 Hz ± 0 ; 5 A/F 


C1 
CC1 


360 
387 


363 
407 


354 
382 


84 
76 


88 
62 


CC: comparison catalyst; C: catalyst; 

Tso : light off temperature for 50% conversion 



Table 5: 





T 5 o [°C] 


CO/NO x [%] 


catalyst 


HC 


CO 


NO x 


1 Hz ± 1 A/F 


1 Hz ± 0 : 5 A/F 


C1 


366 


355 




354 


90 


87 


CC2 


373 


374 




359 


85 




CC3 


389 


391 




379 


72 


79 
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b) Model gas tests: 

After aging the catalysts of example 1 and comparison example 3 for 16 hours at 985°C in a lean synthesis 
gas mixture containing 6 vol.-% 0 2 , 10 vol.-% H 2 O t 20 ppm S0 2 , balance N 2 , the CO/NO x cross-over points were 
determined at a gas temperature of 400°C and a space velocity of 100000 h" 1 . The cross-over points were deter- 
5 mined for three different concentrations of S0 2 of the gas mixture (0, 5 and 20 ppm). The results are given in Table 6: 



Table 6: 





CO/NO x [%] 


catalyst 


0 ppm S0 2 


5 ppm S0 2 


20 ppm S0 2 


C1 


65 


61 


52 


CC3 


42 


35 


30 



75 Example 2: 

[0087] A further set of 4 different catalysts, C2, C3, C4 and C5, were prepared according to example 1. Differently 
from example 1, all catalysts were manufactured with a total noble metal loading of 2,1 2 g/l (60 g/ft 3 ). The weight ratio 
of platinum to rhodium in the upper layer was varied to determine its influence on the catalytic properties of the catalysts. 
20 The noble metal distribution of these catalysts is listed in table 7. 



Table 7: 



noble metal distribution 




inner layer 


outer 


layer 


outer layer 


both layers 


Catalyst 


Pt [g/l] 


Pt [g/l] 


Rh [g/l] 


Pt/Rh 


Pt/Rh 


C2 


1,41 


0,35 


0,35 


1:1 


5:1 


C3 


1,73 


0,035 


0,35 


1:10 


5:1 


C4 


0,71 


1,06 


0,35 


3:1 


5:1 


C5 


1,77 


0,0 


0,35 


0:1 


5:1 



[0088] Before determining the CO/NO x cross-over points, all four catalysts were aged for 12 hours at an exhaust 
gas temperature in front of the catalysts of 1100°C in a synthetic gas mixture of 6 vol.-% oxygen, 10 vol.-% water 

35 vapour, 20 ppm sulfur dioxide, balance nitrogen. 

[0089] The static cross-over points of these catalysts were determined at an exhaust gas temperature of 400°C and 
a space velocity of 100000 hr 1 . During the test the lambda value of the exhaust gas was increased from 0,98 to 1 ,02 
within 5 minutes. At 1 ,02 the lambda value was kept constant for 1 minute. Then the lambda value was lowered again 
to 0,98 in 5 minutes. After a dwell time of 1 minute, the described cycle was repeated again for 2 times. The CO/NO x 

40 cross-over values given in table 8 are mean values from the last two test cycles. 



Table 8: 



CO/NO x cross-over points 


catalyst 


CO/NO x [%] static 


C2 


90 


C3 


55 


c4 


94 


C5 


<30*> 



*): no cross-over point 



[0090] For these measurements the model gas had the following composition: 



CO 


1,40 vol.-% 


H 2 


0,47 voL-% 


NO 


0,1 vo1.-% 


co 2 


14,0 vol. -% 


so 2 


20 ppm 


H 2 0 


10 vol.-% 
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(continued) 





666 ppm 


^3H 8 


333 ppm 


o 2 


0,93- 1,77 vol.-% 


N 2 


balance 



[0091] For performing the lambda-sweep the oxygen content of the model gas was varied between 0 93 and 1 77 
vol.-%. 

Example 3: 

[0092] Two further catalysts, C6 and C7, with a total noble metal loading of 1 ,41 g/l (40 gffl3), were prepared according 
to example 1 . For the preparation of catalyst C6, example 1 was exactly duplicated, while for the preparation of catalyst 
C7 the sequence of platinum and rhodium impregnation for the second support was inverted. First, rhodium was de- 
posited onto the activated alumina support and only thereafter platinum. 

[0093] Both catalysts were tested for their CO/NO x cross-over behaviour and their light off temperatures The results 
are given in table 9. 



Table 9: 





T 50 [ B C] 


CO/NO x [%] 


catalyst 


HC 


CO 


NO x 


1 Hz ±0,25 A/F 


1 Hz ± 0,5 A/F 


1 Hz ± 1 A/F 


C6 


360 


362 


354 


99 


95 


90 


C7 


359 


355 


353 


97 


90 


82 



[0094] From the results of table 9 it can be seen that the dynamic behaviour of catalyst C6 is much better than of 
C7. Without wanting to be bound by any theory, this effect may be explained by a more intimate contact between 
platinum and rhodium if platinum is deposited first and then rhodium. 

Example 4: 



[0095] Four further catalysts, C8, C9, C10 and C1 1 , were prepared according to example 1 with the following alter- 
ations: a 

[0096] The total noble metal loading was set to 1 ,77 g/l (50 g/f t 3). The platinum/rhodium ratio was changed to 3 2 
In addition, different amounts of Mn0 2 and NiO were added in particulate form to the coating dispersions for the inner 
layers of catalysts C9 to C1 1 . These hydrogen sulfide suppressing components were added to the coating dispersions 
after the injection of the platinum compound. 

[0097] For measuring the hydrogen sulfide emission of these catalysts, they were first loaded under lean conditions 
with sulfur (space velocity 65000 h"i; temperature 550°C; lambda 1 ,01 ; approximate sulfur content of fuel 200 ppm- 
approximate loading time >0,5 h). Thereafter, the lambda value was lowered to 0,88, and the emission of hydrogen 
sulfide was measured with an online mass spectrometer. The peak maximum of hydrogen sulfur emission is listed in 
table 10 for the catalysts C8 to C11. 



Table 10: 



Example 5: 



suppressi 


on of H 2 S-emission by Mn0 2 and NiO 


Catalyst 


both layers 


total Pt + Rh 


inner layer 


H 2 S maximum 


Pt/Rh 


[g/i] 


H 2 S suppressing component [g/l] 


[ppm] 


C8 
C9 
C10 
C11 


3:1 
3:2 
3:2 
3:2 


1,77 
1,77 
1,77 
1,77 


20 Mn0 2 
40 Mn0 2 
5 NiO 


750 
380 
330 
100 



[0098] The catalysts according to the invention do not contain palladium. Nevertheless, they have proved to yield 
comparably low emissions of hydrocarbons, carbon monoxide and nitrogen oxides as do catalysts using palladium 
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and rhodium. 

[0099] A further object of the invention was to reduce the costs for the platinum group metals (PGM) of the novel 
platinum/rhodium catalysts as compared to conventional double layer palladium/rhodium catalysts given the PGM 
prices as of April 1 999. Therefore, catalysts according to example 1 with different total noble metal loading and varying 
s platinum/rhodium ratio were prepared and compared with respect to exhaust gas cleaning activity and PGM-costs. 
[0100] The catalysts were tested on a EU-II certified vehicle as main underfioor catalysts with a ratio of catalyst 
volume/engine capacity of 0,67. All catalysts were measured following aging of 16 hours at 985°C with 10% by volume 
water in nitrogen. The tests were carried out with stoichiometric cold start according to the new European test cycle 
MVEG-EU 111. 

10 [0101] The relative emissions are given in Table 11 with the values for the palladium/rhodium comparison catalyst 
(14Pd/1Rh) set to 100: 



Table 1 1 : 



20 



Relative emissions versus PGM-costs 


total PGM loading 


PGM-ratio 


relative Emissions 


PGM costs 


[g/i] 


HC 


CO 


NO x 


3,53 


14Pd/1Rh 


100 


100 


100 


100 


1,41 


5Pt/1 Rh 


119 


110 


112 


51 


1,77 


3Pt/2Rh 


92 


91 


83 


75 


3,32 


45PV2Rh 


128 


108 


110 


108 


3,89 


9Pt/2Rh 


80 


75 


56 


142 



25 [0102] As shown in table 11, the conversion of HC, CO and NO x is strongly influenced by the rhodium loading, and 
that for a given emission target, reducing the platinum content in favour of the rhodium content is beneficial. While, for 
example, a rhodium-enriched loading of 1,77 g/l (3Pt/2Rh) in the EU-il certified vehicle shows lower emissions for all 
three pollutant components compared with the Pd/Rh reference (3,53 g/l, 14Pd/1Rh), the 3,32 g/l (45Pt/2Rh) variant 
with high platinum content, falls behind the results of the 1 ,77 g/l loading (3Pt/2Rh), despite higher overall loading and 

30 distinctly higher precious metal costs. 

[0103] Further variations and modifications of the foregoing will be apparent tothose skilled in the art and are intended 
to be encompassed by the claims appended hereto. 

35 Claims 

1 . High performance catalyst containing an inner and an outer layer on an inert carrier body comprising noble metals 
from the platinum group deposited on support materials, 

characterised in that, 

40 the inner layer comprises platinum deposited on a first support and on a first oxygen storage component and the 

outer layer comprises platinum and rhodium deposited on a second support and the outer layer further comprises 
a second oxygen storage component. 

2. The catalyst according to claim 1 , 
45 characterised in that, 

said first and second supports are the same or different and are compounds selected from the group consisting 
of silica, alumina, titania, zircon ia, mixed oxides or mixtures therefrom and zirconia-rich zircon ia/ceria mixed oxide. 

3. The catalyst according to claim 2, 
50 characterised In that, 

said first and second supports are activated alumina stabilised with 0,5 to 20 wt.-% of lanthana. 

4. The catalyst according to claim 3, 
characterised in that, 

55 said first support further comprises a zirconia component 

5. The catalyst according to claim 1 , 
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characterised in that, 

said first and second oxygen storage components are the same or different and comprise ceria-rich ceria/zirconia 
mixed oxide compounds. oMa/^iiounid 

5 6. The catalyst according to claim 5, 
characterised in that, 

Seoi ria/ZirC ° nia miX8d ° Xide C ° mpOUnds are Stabi,ised with Praseodymia, yttria, neodymia, lanthana or mixtures 

10 7. The catalyst according to claim 6, 
characterised in that, 

said outer layer further comprises activated alumina. 

8. The catalyst according to claim 1 , 
75 characterised in that, 

said outer layer further comprises highly dispersed yttria, neodymia, lanthana or praseodymia. 

9. The catalyst according to claim 1 , 
characterised in that, 

platinum and rhodium are present on said second support in intimate contact with each other. 

10. The catalyst according to one of the claims 1 to 9, 
characterised in that, 

said ^rrier body is in the form of a honeycomb with a plurality of substantially parallel passage ways extending 

IblTsOto^oXn^ T b r 9dBtined bV Wa " S ° nt ° WhiCh thS innSr ' ayer iS ^ S amounts of S 
about 50 to 250 g/l and the outer layer is applied in amounts of from 10 to 150 g/l of the carrier body. 

11: The catalyst according to claim 10, 
characterised in that, 

said first support is present in amounts of from 20 to 150 g/l. said first oxygen storage component is present in 
amounts of from 1 0 to 1 00 g/l and the zirconia support is present in amounts of from 5 to 60 gA. 

12. The catalyst according to claim 11, 
characterised in that, 

SneMayeJ PrSSem ^ C ° nCentrati ° nS ° f ,rom °' 01 to 5 " % relative *> the total weight of said 

13. The catalyst according to claim 12, 
characterised in that, 

said second support is present in amounts of from 5 to 100 g/l, said second oxygen storage component is present 
in amounts of from 5 to 100 g/l and the activated alumina is present in amounts of from 5 to 60 gT 

14. The catalyst according to claim 13, 
characterised in that, 

platinum and rhodium are present in said outer layer in concentrations of from 0,5 to 20 wt -% relative to the total 
weight of sa,d outer layer and the platinum/rhodium mass ratio is selected from the range of Irorn S to 13 

15. The catalyst according to claim 14, 
characterised in that, 

component * ^ ^ ^ ^ COm ? rises from ^uX 1 to 40 g/l of a nickel, iron or manganese 

16. A method for manufacturing a catalyst according to claim 1 , 
characterised in that, 
the method comprises the steps of 

mlZl 9 Wa " S ° f PaSSaQe WayS °' ,he ° arrier b ° dy wi,h a coatin 9 imposition containing particulate 
materials compr.s.ng said first support material and said first oxygen storage component. P amculate 
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b) drying and calcining said coating, 

c) dipping the coated carrier body into a solution of a soluble precursor compound of platinum and calcining 
the coating, and 

d) applying the outer layer on top of the inner layer. 

17. A method for manufacturing a catalyst according to claim 1 , 
characterised in that, 

the method comprises the steps of 

a) catalysing particulate materials comprising said first support material and said first oxygen storage compo- 
nent by impregnating them with a solution of a soluble precursor compound of platinum, drying and calcining 
the materials to thermally fix platinum thereon, 

b) preparing an aqueous coating composition with the catalysed materials from step a) and coating the walls 
of the passage ways of the carrier body with this coating composition, 

c) drying and calcining said coating, and 

d) applying the outer layer on top of the inner layer. 

18. A method for manufacturing a catalyst according to claim 1, 
characterised in that, 

the method comprises the steps of 

a) "preparing a dispersion from particulate materials comprising said first support material and said first oxygen 
storage component and injecting a solution ol a soluble platinum precursor compound, 

b) fixing the platinum compound on all particulate materials by adjusting the pH-value of the dispersion to 
thereby obtain a coating composition, 

c) coating the walls of the passage ways of the carrier body with the aqueous coating composition from step a), 

d) drying and calcining said coating, and 

e) applying the outer layer on top of the inner layer. 

19. A method for manufacturing a catalyst according to anyone of the claims 16 to 18, 
characterised in that, 

the method further comprises the steps of 

a) impregnating said second support with a solution of soluble precursor compound of platinum and a com- 
pound of rhodium, drying and calcining the impregnated support to thereby obtain a catalysed support, 

b) preparing an aqueous coating composition from said catalysed support, said second oxygen storage com- 
ponent and additional active alumina, and 

c) using said coating composition to apply said outer layer on top of said inner layer. 

20. A method for manufacturing a catalyst according to anyone of the claims 16 to 18, 
characterised in that, 

the method further comprises the steps of 

a) preparing a dispersion from said second support material and injecting a solution of a soluble platinum 
precursor compound, 

b) thereafter injecting a solution of a soluble precursor compound of rhodium into the dispersion from step a) 
and adjusting the pH-value of the dispersion to thereby obtain a support catalysed with platinum and rhodium, 

c) preparing a coating composition from the dispersion of step b) by adding said second oxygen storage com- 
pound and additional active alumina, 

d) using said coating composition to apply said outer layer on top of said inner layer and 

e) drying and calcining the coated monolithic carrier. 

21. High performance catalyst according to claim 1 , 
characteris d in that, 

the inner layer comprises platinum deposited on active alumina and on ceria-rich ceria/zirconia mixed oxide and 
the outer layer comprises platinum and rhodium deposited on active alumina and the outer layer further comprises 
ceria-rich ceria/zirconia mixed oxide and the catalyst is obtainable by 
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a) preparing a solution of a praseodymium precursor, adding ceria/zirconia mixed oxide and adjusting the pH- 
value of the dispersion to thereby precipitate the praseodymium precursor onto ceria/zirconia 

b) further adding active alumina to the dispersion of step a), 

c) injecting a solution of a platinum precursor compound into the dispersion of step b) and precipitating it onto 
alumina and ceria/zirconia to obtain a first coating composition for the inner layer of the catalyst 

d) coating a monolithic carrier with said first coating composition and drying and calcining the coating to thereby 
obtain a carrier coated with said inner layer, 

e) preparing a dispersion of active alumina and injectinga solution of a platinum compound intothis dispersion 

f) thereafter injecting a solution of soluble rhodium precursor compound into the dispersion from step e) and 
adjusting the pH-value of the dispersion to thereby obtain an aqueous dispersion of active alumina catalysed 
with platinum and rhodium, y 

g) adding active alumina and ceria-rich ceria/zirconia mixed oxide to the dispersion of step f) 

h) using said second coating composition to apply said outer layer on top of said inner layer and 

i) drying and calcining the coated monolithic carrier. 

22. Catalyst according to claim 21, 
characterised in that, 

the active aluminas from step b) and e) are stabilised with 0,5 to 20 wt.-% of lanthana. 



20 23. 



Catalyst according to claim 21, 
characterised in that, 

in step b) a further zirconia component is added. 



24. Catalyst according to claim 21 , 
25 characterised in that, 

a solution of a praseodymium precursor compound is added to the dispersion of step e). 
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